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The 'Economic Miracle' and Virtual Water Flows

Water Shortage and its Competing Usage
The latter half of the 20th century is considered the period of the 'economic miracle' for East Asia, achieving industrialization and urbanization in a relatively short time period. China, in particular, accelerated its economic development with an annual GDP growth rate of almost 10% after economic reforms were started in 1978. In comparison, the world average was 3.3% during the same period. By 2005, China's GDP had reached 1.13 trillion US dollars, which put China among the four largest economies in the world. China's economic reform has created very competitive and favorable circumstances for domestic and foreign investors in terms of cheap labor costs, a huge domestic market, low workers safety standards and environmental standards. These and other reasons, such as the undervalued Yuan, have led to large amounts of capital flowing into China, especially in the southern and eastern parts, which has made China one of the largest manufacturers and exporters in the world. However, Deng's 'ladderup' strategy of economic developments has increased income inequality between regions and urban and rural areas. This is also reflected in differing regional development policies, economic production structures, unequal spread of foreign direct investment, and huge differences in people's lifestyle patterns.
These developments have left deep marks on China's natural resource availability and especially with regards to water resources. China is trying to meet the needs and wants of 1.3 billion inhabitants. This amounts to 22% of the total world population with only 7% of the world's arable land, and 6% of the world's fresh water resources. Water is already considered the most critical natural resource in many parts of China in terms of the low availability of per capita volume. The average water availability is about 2,300 m 3 , which is roughly about 1/3 of the world's average value. But China's water resources are also unevenly distributed: North China has only about 20% of total water resources in China, but is supporting more than half of the total population. As a result, per capita water availability in North China is as little as 271 m 3 or 1/8 of the national level and 1/25 of the world average. Furthermore the rapid economic development in this region has been extracting significant amounts of water from the environment, and it is also discharging pollution to the water supply sources, which further contributes to water-scarcity. Flourishing trade activities on both domestic and international levels have contributed to ever increasing levels of water consumption.
These socio-economic and environmental issues facing China in the 21 st century call for careful evaluation of China's resource consumption caused by its present production and consumption and associated trade structure. Due to these trade activities, significant amounts of 'virtual water', i.e. water embedded in products and used in the whole production chain, are traded between regions or exported to other countries. The goal of this paper is to evaluate the current regional economic structure and the resulting interregional trade patterns in China and its effects on water consumption and pollution via 'virtual water flows'.
Virtual Water Flows
The idea of virtual water was derived from the concept of 'embedded water' applied to agriculture in Israel by Fishelson et al. (1994) . Their study pointed out that exporting Israeli water embedded in water-intensive crops was not sustainable. The term 'virtual water' was first proposed in 1994 by J. Anthony Allan (Allan 1994) . Allan defines virtual water as the water used to produce food crops that are traded internationally. He found that a few countries characterized as water-scarce have secured their food supply by importing water-intensive food products, rather than producing all of their food supply with inadequate water resources. Limited water resources should be used efficiently by not allocating the majority of the water resources to the production of water-intensive products (e.g. crops, paper etc.) but rather water should be made available for other economic purposes that can contribute more to regional value added by consuming less water (Allan 1998; .
Most of the studies on virtual water flows have been conducted in drought areas such as the Middle East and North Africa and have emphasized the amount of water embedded in different agricultural products related to food security, with agriculture being the largest water consumer.
Similarly, in China, agricultural irrigation has accounted for the majority of water use in the past, however, along with the large-scale industrialization and urbanization since 1980, domestic, municipal, and industrial water consumption joined the competition for limited water resources. Many industrial products also carry substantial amounts of virtual 'freshwater' as well as contaminated 'wastewater' from the production of paper, fertilizer and cement, which are then exported to other regions or countries.
Due to increasing importance of other industrial products and services and their effects on water consumption, we extend the concept of virtual water flows to comprise all types of commodities including agricultural goods, industrial products and services. We distinguish between two categories of virtual water: freshwater and wastewater. Virtual freshwater is the amount of freshwater consumed during the production of exports. Virtual wastewater is the amount of polluted water discharged to the ecosystem, i.e. the amount of emissions generated and left in the respected region in order to feed consumption in other regions or countries. Due to the importance of the agricultural sector in terms of water consumption we further differentiate between rainfed and irrigated agricultural products. This is based on the rationale that rain water used for agricultural products would not be readily available for any other economic production.
Virtual Water as a Factor of Production
The notion of virtual water as a necessary input to production and consumption activities leads us to the notion of factors of production or factor endowments. In our case we focus on water as a special input to production but are also interested in the question of how production and associated trade structures affect the availability of water resources. Early economic theorists such as Adam Smith and David Ricardo were concerned with differences in factor endowment, 'the comparative advantage', as one of the main reasons for trade and regional inequalities and as a source for the wellbeing of nations. The focus shifted to the negative sides of trade; and only rather recently, scholars started to advocate re-designing trade structures from the perspectives of social and environmental sustainability. In the following we will look at selected key publications to see how factor endowments and environmental resources have been treated in the trade literature and how that links to our question. Heckscher (1919) and Ohlin (1933) incorporated the endowment of factors of production into the principle of comparative advantage, and consequently was referred to as the Heckscher-Ohlin (HO) theorem. The HO theory of international trade was able to explain that the differences of productivity in various countries are dependent on relative factor endowments. Leontief (1951 and 1954) calculated the labor and capital content of the exports of the United States to test the HO theory. The US seemed to be endowed with more capital relative to labor than any other country at that time. Therefore in terms of the HO theory, the US should have exported capital-intensive products and imported labor-intensive commodities. However, Leontief's test surprised the academic field as he reached a paradoxical conclusion that the US exported relatively more labor-intensive commodities and imported capital-intensive goods. These results received a great deal of attention and became known as the Leontief Paradox and have led to numerous studies discussing and critiquing the approach (see, for example, Stolper and Roskamp 1961; Bharawaj 1962 ).
If we apply classical trade theory to environmental studies, a country may have a comparative advantage if it is endowed with certain resources or if it can produce a product with relatively low costs to the environment. Since the 1970s, numerous theoretical studies have been conducted to research the linkage of trade and the environment by adopting the principle of comparative advantage. For example, Pethig (1976) , Siebert (1977) , McGuire (1982) and Brander and Taylor (1997) treated a country's emission / resource management standards as factor endowment, and their results showed that countries with less stringent environmental policies could increase their comparative advantage in the production of pollution and natural resourceintensive products (quoted after Huang and Labys 2001) . However this view is challenged by more recent research. Porter and van der Linde (1995) argued that strict environmental policies may not be a comparative disadvantage. In contrast, it may be an advantage to drive the producers and the whole economy to become more competitive in world markets by improving efficiency or innovating better environmental technologies. These conflicting views have led to a heated debate, and the empirical results are ambiguous (e.g. Huang and Labys 2001) .
The important point to emphasize here is that environmental goods and services such as available water resources can be a factor of production and therefore a source of comparative advantage. Thus, if a region is well endowed with environmental resources and in our case water resources, one could assume that this region's exports will have a larger share of water-intensive products. Applied to China, we would assume that waterscarce North China would import water-intensive products and the water-rich South China would export products which would need lots of water inputs. In the following we will test this hypothesis and investigate if these Chinese regions take full advantage of virtual water flows. We will specifically build on the work of Leontief and use the input-output approach to assess regional and trade flows in China and their effects on virtual water flows.
Virtual Water Flows Accounting and Modeling Framework
Structure of the Water Input-output Model
The fundamental purpose of the input-output model is to analyze the interdependence of economic sectors. Its extensions include social institutions (Stone 1971 ) and the environment (Leontief 1970; Victor 1972; Duchin and Lange 1994) . Frequently inputoutput analysis has been applied to water consumption and pollution issues (see, for example, Thoss and Wiik 1974; Bouhia 2001; Hubacek and Sun 2005) .
The traditional IO table is an n×n matrix describing the flows of goods between economic sectors in monetary units. We extend the matrix to (n + 1) × (n + 1) by adding 1 row in physical units 1 to measure the amounts of freshwater consumed and wastewater discharged by economic production processes.
The extended water IO table is presented in Table 1 . It provides a detailed economic accounting scheme for economic activities (x), primary inputs (v), households and governmental final consumption (y), trade flows (e), net water consumption (f) and wastewater discharges (r). industrial sector. The direct freshwater consumption coefficient, f j is calculated by dividing the total amount of consumed water of the j th sector by total input to that sector x j . Therefore, the unit for the coefficient of fresh water consumption is m 3 /Yuan. This coefficient represents the direct or the first round effects of the sectoral interaction in the economy (Bouhia 2001; Hubacek and Sun 2005) . However, water is not only consumed directly but also indirectly. For instance, to produce paper necessary inputs are wood, chemicals, electricity and water (direct consumption). But also the production processes of each of these inputs need water (indirect consumption). Therefore, in order to combine both direct and indirect water consumption, we generate the total water consumption multipliers by multiplying direct water consumption coefficients f with the Leontief inverse (I-A) -1 , which represents an indicator of the total water consumption throughout the production chain for each sector, shown in Equation 1 Total Water Consumption = fˆ(I -A) -1 y Equation (1) Similarly, we employ the direct wastewater coefficient r i to represent the amount of wastewater released to produce a unit of output in the i th production sector. Therefore, we obtain Equation (2) to measure the total amounts of wastewater generated in an economy by increasing one unit of final consumption:
This represents the flows from the economy to original water resources (e.g. rivers, lakes or groundwater), i.e. the emissions of wastewater after production activities. These discharged wastewater flows from agricultural and industrial production can contain large amount of noxious pollutants which damage the hydrological system.
Hydro-economic regions and datasets
Due to considerable regional differences in water supply and demand, and the need to assess regional trade flows, it is necessary to model water consumption on a regional level. Therefore we divide China into eight hydro-economic regions to establish water accounts for each region (shown in Figure 1 ) based on watersheds and provincial level administrative boundaries 2 (see Hubacek and Sun 2001) . In this paper, we calculate and analyze the virtual water flows for two of China's regions: North China, which is characterized as water-scarce, and South China which has abundant water resources 3 .
The dataset for this study consists of two categories: detailed economic data (inputoutput tables) -to investigate the flow of goods and services between producers and consumers and the linkages between all production sectors; and hydrological datacomprising four sub-categories: water availability, fresh water utilization and fresh 2
The eight hydro-economic regions were distinguished in the "Land Use Change (LUC)" model, conducted by the LUC Group, International Institute for Applied Systems Analysis (IIASA water consumption coefficients and wastewater discharge coefficients for each of the economic sectors. 
Economic Data
In our analysis we generate two regional input-output tables 5 (North and South China) by merging seven provincial input-output tables 6 for 1997 in terms of the classification of hydrological-economic regions (shown above, Figure 1 ). The provincial input-output tables, each representing 40 economic sectors, were compiled by the State Statistical Bureau of China and published in 2000. The "value-added" categories in the table include: capital depreciation, labor compensation, taxes, and profits. "Final use" at the national level comprises of six categories: rural households, urban households, and government consumption, fixed investment, inventory changes, and net exports.
Hydrological Data
The dataset for water availability of different regions is generated by employing a hydrological model, Climate and Human Activities -sensitive Runoff Model (CHARM), developed by Wiberg and Strzepek (2000) . A basic problem in modeling water use 4 International Institute of Applied System Analysis (IIASA), Laxenburg, Austria 5 Due to the lack of data, we could not construct a regional input-output table for the Plateau region. 6 Six provincial input-output tables for North China and one in South China (Guangdong).
within an economic framework arises from the discrepancy between economic regions and watershed regions. Demand figures for water use are based on economic boundaries and are derived from the input-output tables. The water supply figures have to be based on hydrological conditions. The hydrological model CHARM is used to redistribute the water resources from watershed regions to economic regions. CHARM is applied to the nine major water resource regions of China to estimate the natural available water supply which is then reallocated to the respective economic regions. The resulting water supply figures are an essential part of the regional water accounting tables and are also used to characterize the respective hydro-economic regions with regard to the water availability (see Table 2 below)
To calculate the water consumption side we need to know the amount of net water consumption from fresh water sources to produce a unit of output of a product or service -so-called fresh water consumption coefficients. Therefore in order to calculate the coefficients, this dataset consists of two sub-datasets: the total volume of net water consumption for each economic sector between seven regions; and the total output in monetary term for each sector correspondingly. The data of total output for each sector is given in the input-output tables. The dataset of water withdrawn for each sector was taken from "China 's Regional Water Bulletin 7 " in 1997 , Regional Water Statistics Yearbook in 1999 8 and annual reports on hydrology from various provincial hydrologyministries. The economic sectors in the survey can be matched with the categories in the IO tables and updated to match the respective years.
In a similar fashion we proceed to calculate the effects on the wastewater side. Final wastewater discharge coefficients represent the amount of wastewater discharged to produce 10,000 Yuan of a certain product or service. The wastewater dataset is extracted from the "Third National Industrial Survey" in 1995 and "Regional Water Statistics Yearbook in 1999" and various other authoritative sources (Dong 2000; Zhang 2000; Li 2003 ).
Interregional Virtual Water Flows in China
Water problems in China have been investigated in depth in a number of studies, especially with regards to the disparities of regional water availability in China (Wang and Davis 2000; Wiberg 2002; . Table 2 lists and compares the per capita water availability for each of the economic regions. Generally speaking, anything below one thousand cubic meters per capita is considered as a seriously water-scarce region. The northern part of China is not endowed with abundant water resources, and thus from a resource conservation point of view, North China should import more waterintensive goods such as agricultural products and export less water-intensive goods in order to maintain a favorable trade balance while optimizing the utilization of water resources. Following this idea, we will look at North China, the most water-constraint region and compare it with South China, a region with abundant water resources, 9 by tracing the virtual water flows created by the interregional trade patterns in China.
Virtual Freshwater Flows
By employing Equation 1 to exports -Total Water Consumption = fˆ (I -A) -1 e, we are able to quantify virtual freshwater flows between economic sectors triggered by trade between various regions in China and abroad 10 . Thus we can show how much water is necessary to produce certain goods that are then exported to other regions, including both direct and indirect water consumption for producing the exports. This amount of water used in the production chain is thus not available for water consumption for other purposes within that region. Similarly, the import of certain goods into a region causes water withdrawal and consumption in other regions or outside of China 11 . The calculation of virtual water flows is conducted by multiplying the net exports vector (e) and the total fresh water consumption coefficient matrix ( fˆ).
The results are shown in Table 3 for North China and Table 4 for Guangdong.
9
For South China we had only the data for Guangdong province; however it will not affect the general tendency of the results as the remaining two provinces (Fujian and Hainan) are in a similar situation as Guangdong with regards to economic conditions, trade patterns and water availability.
10 Where, fˆ represents the diagonalized vector containing freshwater consumption coefficients. And the final demand (e) represents the net exports of goods and services. 11 Note: a more precise quantification would require bilateral trade information so that trade flows could be weighted with the direct water coefficient of the respective country of trade origin. The column of 'net flow of goods and services' in both Table 3 and 4 provides details of the commercial trade activities in the respective regional economy. The column of 'direct freshwater coefficient' gives the comparison of the direct water consumption levels for each production sector. For example, the coefficient for paper production measures the amount of freshwater directly consumed by paper-making industries to produce 10,000 Yuan of paper products. We can see from the tables that agriculture in both regions is the most water-intensive sector; and food processing, paper and textiles require more water per unit of output than the other industrial sectors. The column of 'virtual freshwater net exports' shows the amount of freshwater embedded in goods and services and exported to other regions or countries via trade. The term 'value added/per unit of water' in the last column of both tables assesses the amount each economic sector contributes to GDP per cubic meter of freshwater.
Based on our calculations we find that North China imported a number of water intensive products and services. For example, North China spent 35.89 billion Yuan to purchase extra electricity from other regions in 1997, which means a virtual import of 147.9 million cubic meters of water which is withdrawn and used up in production processes in other regions. Another example is agriculture: North China received 44.67 billion Yuan through the export of agricultural products, and with it 7,339.3 million cubic meters of virtual water have been transported to other regions. However, we have to consider that much of the agricultural land is rainfed in North China, which produces about 42% of total agricultural outputs. The amount of rainwater embedded in agricultural products would not be readily available for other economic production even if crops were not grown on this land. Therefore, the effective exportation of virtual water in the agricultural sector only consists of irrigated water, which is 4,284.2 million cubic meters. Annually, 4,545.0 million cubic meters of fresh water virtually flow out of North China (which is used in the production of exports) excluding rainwater in the agricultural production. On the other hand, the import of virtual water was only 319.6 million cubic meters, which reduces the net flow to other regions to 4,225.4 million cubic meters. From a water conservation point of view, North China, characterized as water-scarce, should import water-intensive products rather than produce them. According to this analysis, North China used up more than 5% of its total water resources for producing exports to other regions, mainly through the trade of waterintensive commodities such as agricultural crops, processed food, textiles and chemical products. By contrast, Guangdong is endowed with rich water resources, but virtually imported 444.8 million m 3 of freshwater, 79% of which are through the trade of waterintensive products (e.g. irrigated agricultural products). On the other hand, Guangdong exports relatively water non-intensive commodities such as electric equipment and many commercial and social services. By summarizing the virtual freshwater flows of both North and South China, we find that the trade patterns are apparently inconsistent with our original hypothesis: waterscarce regions in China produce and export water-intensive products but import water non-intensive commodities. Meanwhile, water-abundant South China imports waterintensive goods. One of the possible explanations could be that water has not been recognized as an important factor of production in China's economy as there are very low costs associated with the utilization of water resources for most of the production. Another reason could lie in the fact that North China has suitable climatic condition, soil and land for many agricultural crops (Heilig, Fischer et al. 2000) . A third reason refers to the design of economic policies: Guangdong is subject to more favorable policies and better circumstances for investments in industry and services sectors than other regions. Since the economic reform in 1978, many locations in South China (including Guangdong) have been established as "Special Economic Development Zone", which brought many commercial opportunities and triggered a regional economic boom. This is also reflected in changing water consumption patterns. These economic incentives led to a restructuring of the regional economy to higher value added products with relatively lower levels of resource inputs. Thus Guangdong imports and exports of virtual water reflect the economic structure of the more developed regional economies within these special economic zones. On the other hand, North China has a relatively lower economic growth rate and stronger focus on low value added and high water intensive production without these special policies. If we consider multiple factors relevant for the existing production and trade structure such as endowment (e.g. soil quality), land prices and other socio-economic or political factors we see that North China has a 'comparative advantage' for producing and exporting agricultural products. In terms of water conservation it is important to effectively balance these factors. North China may sustain the export of rainfed agricultural goods as rainwater cannot be effectively used by other production sectors. On the other hand, North China might want to reconsider the level of exports of irrigated agricultural products in order to make the scarce water resources (e.g. surface or ground water) available for other purposes which can contribute more to the economy and society in terms of value added and jobs. From a water efficiency point of view, North China with limited water resources, should produce and export the commodities which have high value added per unit of water. By looking at the column of 'value added/water' in tables 3 and 4 North China has a comparative advantage in the production sectors of coal mining and processing, production of sawmill and furniture, machinery equipment, and many service sectors. Guangdong has an advantage in producing agriculture, textiles, and metal products. Obviously this statement needs to be qualified by looking at other factors such as the availability of skilled labor and other essential factors of production, but the focus on water can provide a useful starting point.
Virtual Wastewater Flows
Similar to the virtual freshwater flows, wastewater is also created through trade related production. The pollutants and wastewater generated for producing exported goods will stay in or pass through the exporting region leading to negative effects in terms of water availability and quality. In other words, the exporting region virtually accepts the discharge of wastewater from other regions by exporting goods. Similarly to virtual freshwater flows, we can calculate virtual wastewater flows consumed by producing exports for both North China and Guangdong. By employing Equation 2 -Total Wastewater Generation = r (I -A) -1 e, we are able to quantify virtual wastewater flows triggered by imports and exports between various regions in China and abroad. The direct wastewater coefficient refers to the amount of wastewater per unit of output. The results are shown in Table 5 for North China and in Table 6 for Guangdong. Total wastewater associated with exports 520.7 Total wastewater (generated in other regions) associated with imports -149.7 Net virtual wastewater 371.0 Note: Negative figures for "net flows of goods and services" represent imports; for "virtual wastewater net flows" negative figures indicate the amount of wastewater generated (in the country) for producing such imports. Positive figures mean respectively value of exports and wastewater generated in conjunction with production of exports. Total wastewater associated with exports 213.1 Total wastewater (generated in other regions) associated with imports -290.7 Net virtual wastewater -77.6 Note: Negative figures for "net flows of goods and services" represent imports; for "virtual wastewater net flows" negative figures indicate the amount of wastewater generated (in the country) for producing such imports. Positive figures mean respectively value of exports and wastewater generated in conjunction with production of exports.
A number of pollution-intensive industries (e.g. metal ore mining, paper and chemical production) are concentrated in North China. Imports of North China lead to the generation of 149.7 million m 3 of wastewater in other regions where these commodities were produced. However, North China's exports resulted in 520.7 million m 3 of wastewater, of which 32% is industrial wastewater and 68% is agricultural wastewater. Hence, the net wastewater balance for North China was 371.0 million m 3 . The discharge of high-concentrated pollution to surface flows from pollution-intensive production sectors (e.g. paper, chemicals and textiles) has led to the fact that the water of many major rivers in North China no longer supports any type of usage due to the low water quality levels; and more than 50% of groundwater has been seriously degraded due to the overuse of fertilizers and pesticides (Dong 2000) . Looking at the situation in the southern provinces we see that Guangdong's imports cause 149.4 million m 3 of agricultural wastewater and 141.3 million m 3 of wastewater from industrial and service sectors that pollute other regions' hydrological ecosystems. The industrial wastewater mainly originates from paper, textiles and electric equipment production sectors. On the other hand, Guangdong accepts 213.1 million m 3 of wastewater by producing exports for other regions. Hence the water-rich Guangdong region has a net wastewater balance of -77.6 million m 3 being virtually discharged to other regions.
Thus from the above figures for wastewater virtual trade, we can find a similar trade contradiction as with the virtual freshwater flows. A water-rich region such as Guangdong externalizes the problems of wastewater production to other regions through importing wastewater intensive products while water-short regions such as provinces in North China are putting additional pressure on their water resources and aquatic ecosystems through the creation of wastewater in conjunction with producing exports.
Conclusions
The economic success in China has come at the expense of over-exploitation of natural resources and huge impacts on the environment and especially water resources. In North China, water scarcity has become a major bottleneck for regional economic development. In this paper we have looked at the economic and trade structure of the water-scarce northern regions of China vis-à-vis the water abundant southern regions of China, and we assessed the implications for water resources in those regions by employing an extended regional input-output model for the hydro-economic regions in China. This study was one of the very first to use the concept of virtual water flows not only for agricultural products but also industrial and service production. In addition, we accounted also for wastewater flows and distinguished between rainfed and irrigated agriculture, which is of special significance with regard to water use. A major shortcoming of the wastewater flow analysis is the undifferentiated treatment of very different qualities of water inputs and wastewater categories.
Our starting point was the assumption that from a water conservation point of view, a region/country that is endowed with vast amounts of water resources should export relatively more water-intensive/polluted products such as agricultural crops, paper and chemicals. However, the results of virtual freshwater flows show that water-scarce North China predominantly produces and exports water-intensive products but imports less-water-intensive commodities. In comparison, water-abundant Guangdong in South China imports water-intensive goods but exports less-water-intensive products. A similar situation can be found when considering wastewater: the water-scarce North generates more wastewater for export production than is virtually created (in other regions) through its imports; and similarly, the water-abundant South externalizes wastewater problems by importing wastewater-intensive products from other regions.
With regard to the magnitude of the virtual water flows, our results seem to indicate that the current structure of economy and trade do not pose much of a problem in terms of freshwater consumption as in North China only about 5% of total available water can be attributed to net virtual water flows, which is relatively small in comparison to other wasteful and unproductive water consumption, e.g., such as water losses due to infrastructural inefficiencies. Nevertheless, the water-scarce North China does not take full advantage of the possibilities of importing water-intensive products to ameliorate its own water problems. The same seems to be true for the wastewater situation.
To reflect on a more theoretical level, economic production and consumption use inputs of materials and resources from the environment. However, environmental resources are currently highly undervalued as there are often little or no costs associated with their use. Therefore, water usually does not play a sufficiently important role in production and consumption decisions. This is also reflected in current trade theories largely ignoring the environment as a factor of production. The same is true from a policy point of view; export-oriented policies often directly conflict with water-saving policies leading to so-called perverse incentives. On the other hand, given the relative inflexibility in changing production structures in comparison to technical improvements these findings emphasize the need for increased investments in water transportation infrastructure and water treatment plants. From a sustainability point of view it is important to emphasize that direct and indirect (virtual) water consumption needs to be incorporated in decision-making processes and public policies, especially for waterscarce regions such as North China, in order to achieve sustainable consumption and production in the future.
